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Abbreviations and Symbols 

BMP   Best Management Practice 

CP   Conservation Practice 

CPI   Crop Productivity Index 

CSA   Critical Source Area 

CTI   Compound Topographic Index 

DEM   Digital Elevation Model 

DTA   Digital Terrain Analysis 

ESRI   Environmental Systems Research Institute 

GIS   Geographic Information System 

GPS   Global Positioning System 

HUC   Hydrologic Unit Code 

LiDAR  Light Detection and Ranging 

NPS   Non-Point Source (pollution) 

NRCS   National Resource Conservation Service 

PMZ   Priority Management Zone 

SDP   Sediment Delivery Potential 

SPI   Stream Power Index 

SSURGO  Soil Survey Geographic Database 

TA   Terrain Analysis 

TMDL   Total Maximum Daily Load 

USDA   United States Department of Agriculture 

USLE   Universal Soil Loss Equation 

Z   Elevation
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Manual Overview 

This document provides digital terrain analysis methods and procedures for creating Critical Source Area (CSA) 

predictions in association with the Zumbro River Watershed Restoration Prioritization and Sediment Reduction 

project. It is to be used in conjunction with the Field Assessment and Sensitive Site Identification Guidance 

manuals. Digital terrain analysis is the preferred method for locating CSAôs due to its efficiency and high-

quality, readily accessible input data. It has been the focus of several recent studies in Minnesota with overall 

accuracies ranging from 78-88% (see Appendix section A.1 for details). The project is seeking to determine the 

feasibility of using existing LiDAR and other GIS data to identify and rank a list of CSAs throughout the 

Zumbro River Watershed.  The top 50 ranked sites from the list will then be targeted for Best Management 

Practice (BMPs) implementation planning for their more significant, larger-scale, water-quality benefits. For 

this project, GIS software is used to perform a terrain analysis, which employs elevation data to characterize the 

physical features of the landscape. Terrain analysis can be used to identify locations with a high potential for 

erosion and pollutant runoff. These identified source areas can then be assessed for further evaluation. 

Additional spatial analyses can also be incorporated, including source proximity to a water body and soil 

erosion risk factors. Terrain analysis and other spatial analyses do not eliminate the need for field assessments. 

However, they can reduce the amount of time spent in the field and enhance data collection efforts by enabling 

technicians to select potentially sensitive sites. 

It is important to note that many of the sites identified as sensitive by the GIS analysis will already have 

appropriate management and operation. Thus, these tools also provide an important opportunity to recognize 

producer accomplishments and track program progress necessary for supporting basin management and Total 

Maximum Daily Load efforts.
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Digital Terrain Analysis Manual 

Overview 

This manual requires the use of Esriôs ArcGIS computer software with Spatial Analyst extension installed. The 

basic version (ArcView license) is sufficient for the methods described in this manual. This manual is also 

designed to accommodate users of either ArcGIS versions 9.0 to 9.3.1 or 10.0 to 10.2 ï the former will be 

referred to as 9.x and later as 10.x from here on. Other GIS-based software programs that are able to process 

large raster datasets and calculate logical map algebra should work for terrain analysis processing but will not 

be covered in this manual. 

The terrain analysis process involves combining primary attributes to form secondary attributes.  The core 

primary attributes used for this terrain analysis include flow direction, flow accumulation, and slope.  Secondary 

attributes include Stream Power Index (SPI) and Compound Topographic Index (CTI). 

SPI is calculated as the product of the natural log of both slope and flow accumulation. High SPI values 

displayed in GIS represent areas on the landscape where high slopes and flow accumulations exist and thus 

areas where flows can concentrate with erosive potential. For this reason, SPI is very useful for determining 

potential Critical Source Area (CSA) locations. CTI is the quotient of both slope and flow accumulation.  It can 

show areas on a landscape that pond and store water, and is therefore useful for locating potential wetland 

locations. The plan and profile curvature terrain attributes are also used primarily to identify upland sinkhole 

locations, and to aid in ravine identification (see appendix section A.3). 
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Procedure 

The digital terrain analysis core processes can be visualized using the following flow chart (fig. 1). 

 

Figure 1. Digital terrain analysis flow chart 

Digital terrain analysis begins with a planning process where project goals are established and an appropriate 

scale for assessment is defined. The spatial scale will determine the amount of data acquisition necessary to 

address project goals. The attributes created may or may not require pre-processing. This again is at the 

discretion of the project goals. The attributes are either primary or secondary in nature, depending on whether 

they derive directly from elevation data or a secondary product. The attributes, when combined with relevant 

ancillary data, should provide enough information to locate and prioritize potential Critical Source Areas 

(CSAs). Ground truthing is an important step necessary to relate mapping to planned goals. The objective of 

ground truthing is to determine best-fit threshold values for a given Area of Interest (AOI) by comparing digital 

terrain attributes to real-world conditions. When thresholds have been established, CSAs can then be located 

and prioritized using a combination of primary attributes, secondary attributes, and ancillary data. CSA 

validation is used to determine accuracy of predictions and reveal the existence of commission and omission 

errors. This step is fundamental to the user learning process since locating potential CSAs digitally is an 

adaptive process and validation provides opportunities to improve visualization and prediction techniques. 

Evaluation of site conditions should accompany field validation. The Field Assessment and Sensitive Site 

Identification Guidance manuals were developed to assist in site evaluations, and to direct efforts and track 

results when visiting priority sites in the field. The final step is to make decisions regarding how to address 

field-verified CSAs. This may involve contacting and working with land owners, determining which BMPs are 

most suited for the agroecoregion, and/or securing conservation practice funds for BMP implementation, among 

others. 
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Data acquisition 
For the initial primary attribute calculations, only a raster DEM is required, but ancillary data will be 

necessary to create CSA predictions ï most of which are available at the Minnesota ódata deliô website: 

http://deli.dnr.state.mn.us/ 

¶ Digital Elevation Model (DEM) ï A Digital Elevation Model contains one elevation value (as 

measured above Mean Sea Level) in each pixel, or cell, of data. Ideally, LiDAR elevation data 

should be used in terrain analysis for its high spatial resolution and accuracy characteristics. LiDAR 

data are available for the entire State of Minnesota, downloadable at the county level from either of 

the two links below: 

ftp://ftp.lmic.state.mn.us/pub/data/elevation/lidar/ 

ftp://lidar.dnr.state.mn.us/  

LiDAR data from the above sources provide DEMôs in both 1 and 3 meter resolutions. Digital 

terrain analyses are best processed using a 3 meter DEM to minimize processing times and file sizes 

while maintaining a high level of elevation detail (Galzki, et al., 2011). 

o Note: When downloading LiDAR data, an ftp client such as FileZilla should be used due to large 

file sizes associated with LiDAR geodatabases. LiDAR datasets for some counties exceed 5 

gigabytes and can be computationally inefficient to acquire and process. In some cases, it may be 

necessary to use lower resolution DEM data. 30m DEM data is still readily available throughout 

the state, though it should be noted that this will considerably reduce the ability to accurately 

predict CSA locations (Srinivasan et al., 2009). 

¶ Surface waters ï Current stream data containing both perennial and intermittent networks along with 

lake/wetland layers will be necessary to determine hydrologic connection to secondary attributes. 

¶ Watershed catchments ï Watershed data at various spatial scales. These are typically ordered from 

the number of digits in a hydrologic unit code (HUC) ï from 2 digits representing regional 

watersheds to 12 digits representing subwatersheds. These layers are also convenient for use as an 

output extent when creating a clipped raster subset (see DEM clipping in Pre-process section). 

¶ Cities and political boundaries ï Political boundary and populated area data can be useful for spatial 

orientation, locating areas of interest, and improving map presentation. 

¶ Land cover/land use ï The most current National Land Cover Database (NLCD) raster layer. 

¶ Environmental Benefits Index ï The EBI layer integrates soil erosion risk, water quality risk and 

habitat quality factors to determine the relative conservation value of a parcel of land. It can be 

useful for locating regions with high erosion risk. The Soil Erosion Risk portion of the EBI can also 

be used alone to aid with CSA placement. The EBI and its individual layers are available at a 30m 

resolution for most of the State of Minnesota here: 

http://www.bwsr.state.mn.us/ecological_ranking/ 

¶ NRCS GIS Engineering tools ï The freeware python-based toolset is compatible with ArcGIS 9.3 

and 10.x, allowing for seamless integration and familiar, user friendly interfaces identical to default 

ArcGIS Arctools. The NRCS tools include processes for hydro-conditioning, watershed delineation, 

conservation planning and more. Direct download link: 

ftp://ftp.lmic.state.mn.us/pub/data/elevation/lidar/tools/NRCS_engineering/NRCS_GIS_ENGINEER

ING_TOOLS_ver1.1.7.zip 

http://deli.dnr.state.mn.us/
ftp://ftp.lmic.state.mn.us/pub/data/elevation/lidar/
ftp://lidar.dnr.state.mn.us/
http://www.bwsr.state.mn.us/ecological_ranking/
ftp://ftp.lmic.state.mn.us/pub/data/elevation/lidar/tools/NRCS_engineering/NRCS_GIS_ENGINEERING_TOOLS_ver1.1.7.zip
ftp://ftp.lmic.state.mn.us/pub/data/elevation/lidar/tools/NRCS_engineering/NRCS_GIS_ENGINEERING_TOOLS_ver1.1.7.zip
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¶ High resolution aerial orthophotos ï Orthorectified and georeferenced photos should be used to 

ensure correct alignment with surface features. Color or Color Infrared (CIR) photos with at least 5 

meter resolution are preferred with leaf-off photos (spring or fall) being ideal. Recently acquired 

FSA National Aerial Imagery Program (NAIP) digital photos from Spring, Summer, and Fall 

throughout Minnesota are readily available at: 

http://www.mngeo.state.mn.us/chouse/airphoto/ 

ArcGIS software users can connect the MNGEOôs web map service though a GIS server. This will 

negate the need to download any photos. Instructions for connection are here: 

http://www.mngeo.state.mn.us/chouse/wms/how_to_use_wms.html  

1. Open ArcMap and click on 'Add Data' 

2. Look in the Catalog, and click on 'GIS Servers' 

3. Highlight 'Add WMS Server' so that it appears in the Name window, and hit 'Add'. An 'Add WMS Server' 

window will pop up. 

4. To bring up the Imagery server, type óhttp://geoint.lmic.state.mn.us/cgi -bin/wms?ô(without quotes) in 

the URL window. You can click on the 'Layers' button to see a list of the layers available under the wms. 

Click 'OK'. 

5. To bring up the Scanned DRG server, type óhttp://geoint.lmic.state.mn.us/cgi -bin/wmsz?ô (without 

quotes) in the URL window. You can hit the 'Get Layers' button to see a list of the layers available under 

the wms. Click 'OK'. 

6. Now when you look under 'GIS Servers' you have two new entries: 'LMIC WMS server (aerial 

photography) on geoint.lmic.state.mn.us' and 'LMIC WMS server (quad sheet drgs) on 

geoint.lmic.state.mn.us' 

7. Still in the 'Add Data' window under 'GIS Servers', highlight one of the services listed under #6 to bring it 

into the 'Name' window, then click on 'Add'. The service, with all of its layers, has now been added to 

your ArcMap project. 

¶ Other ï Other useful information could range from regional data such as soils (SSURGO data) and 

Crop Productivity Indices (CPI); feedlots, culverts, and point source locations to field specific 

information such as individual landowner nutrient application rates, existing conservation practice 

locations, artificial drainage placement, etc.

http://www.mngeo.state.mn.us/chouse/airphoto/
http://www.mngeo.state.mn.us/chouse/wms/how_to_use_wms.html
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Pre-process DEM 
Digital Elevation Models can benefit from pre-processing before terrain analysis is conducted. The 

amount of pre-processing required may depend on the userôs local knowledge of their Area of Interest 

(AOI) and its characteristics, and the resolution and quality of the original DEM. A semi-automated 

utility for both creating AOIs and hydrologically conditioning DEMs will be presented here. 

Alternatively, advanced GIS users may find it advantageous to create their own Python scripts and/or 

ModelBuilder flow paths within ArcGIS to semi-automate pre-process and terrain attribute calculations 

to decrease processing times and ensure consistent outputs. 

 

¶ Activate Spatial Analyst Extension 

This initial step is necessary for certain Arctool processes to run. ArcGIS will remember your 

selection and automatically activate selected extensions every time the program is run. 

 

1. From the Tools menu (ArcMap 9.x) or Customize menu (10.x), select Extensionsé and checkȤ

on the Spatial Analyst extension. 

 

 
 

2. Click Close.
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¶ Hydrologic Conditioning 

Hydrologic conditioning (HC) is the process of modifying a DEM to change flow routing and 

drainage. The most common practice of HC is to remove ñdigital damsò that block the hypothetical 

flow of water typically associated with road crossings and other obstructions. One method of 

removing digital dams is to ñburnò the stream through the obstruction to force flow downstream. 

 

HC can be a time consuming process, thus it is important to consider whether your project goals 

would benefit  from the operation, and if so, how much correction is needed and at what scale. For 

instance, some projects may only warrant burning the largest culverts along high order streams while 

others may require burning tile lines at the field scale. 

Some points to consider: 

o HC will only change terrain analysis attributes in close proximity to the digital dams removed. 

o HC is most useful when combined with pit fill ing ï if pit filling is not necessary or suitable in 

your AOI, HC will provide minimal terrain analysis benefits. However, if pit filling is to be used, 

hydro-conditioned DEMs will tend to produce more accurate terrain attributes within filled 

depressions. For instance, when filling all sinks in a DEM, HC can improve flow routing by 

unblocking large depression areas that would otherwise fill with hypothetical water to force flow 

over obstructions. The Stream Power Index signatures in those unblocked depressions will be 

more representative of actual overland flow when sinks have been filled. 

 

 

 

 

 

 

 

 

ArcGIS includes tools that can be used to hydrologically condition DEMs, such as Topo to Raster 

(Vaughn 2012). Several 2
nd

 party applications also exist with HC capabilities. The NRCS GIS 

Engineering toolset introduced in the Data Acquisition section is one such utility recommended for 

its ability to burn streams through a semi-automated process of digitizing culverts. The user must 

input culverts either by importing a polyline shapefile or by manually digitizing their locations. 

 

The left image shows an example of how water 

ponds (in blue) behind road crossings when 

using a non-conditioned DEM. There are culverts 

present at both crossings (circled in yellow), 

though the DEM does not recognize culverts and 

sees the road as an obstruction ς known as a 

ŘƛƎƛǘŀƭ ŘŀƳΦ LŘŜŀƭƭȅ ŀƭƭ 59aΩǎ ǳǎŜŘ ŦƻǊ SPI 

creation should be hydrologically corrected, 

though the process can be time consuming and 

small culverts may not show up in aerial 

photography making field verification necessary.  
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See the Data Acquisition section for the NRCS tools zip file download link. Once the file is 

downloaded to your computer, follow the readme instructions to install the software: 

 

[from the version1.1.7_ReadMe.txt] 

 

Installing the tools:  

--------------------  

No special or admin privileges are required, simply unzip the zip file 

to a local directory.  

An "NRCS_GIS_ENGINEERING_TOOLS" folder will be created in specified 

location. Within the NRCS_GIS_ENGINEERING_TOOLS folder there will be 

an "NRCS Engineering Too ls.tbx" toolbox file and a "SUPPORT" folder. 

The support folder contains the necessary scripts, files, and 

symbology layers, and must always reside in the same directory as the 

toolbox.  

 

Adding to ArcMAP:  

----------------  

Enable the ArcToolbox window (if n ecessary), right click, and select 

"Add Toolbox".  

Browse to the location where the files were unzipped, then the 

"NRCS_GIS_ENGINEERING_TOOLS" Folder within, and click once to select 

or highlight the NRCS Engineering Tools Toolbox, then click the "Open" 

button in the bottom right hand corner of the dialog box.  

 

ArcMap Settings:  

---------------  

Make sure that the Spatial and 3D Analyst extensions are enabled by 

going to the Customize > Extensions Menu (ArcGIS10) or the Tools > 

Extensions Menu (ArcGIS 9.3).  9.3 Users should also go to the Tools > 

Options Menu, click on the Geoprocessing Tab, and make sure that both 

"Overwrite the outputs of Geoprocessing Operations" and "Add Results 

of geoprocessing operations" options are selected. "Results are 

temporary by  default" should also be UN - CHECKED. 

---------------  

END 

 

When properly setup in ArcMap, the NRCS tools should resemble the following image in your 

ArcToolbox: 
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The following section will guide users on area of interst and hydrologic conditioning DEM pre-

processing using the NRCS GIS Engineering Tools. For manual AOI raster clipping, see Appendix 

section A.2. 

 

1. Launch ArcToolbox by clicking the toolbar icon (9.x) or ArcToolbox in the 

Geoprocessing menu (10.x).  

 

 
 

2. Expand the NRCS Engineering Tools, then expand the Watershed Tools toolset, followed by 

the Watershed Delineation toolset. DoubleȤclick the Define Area of Interest tool to start it. 

Minnesota LiDAR data acquired at the county level can contain very large file sizes. It is 

therefore important to minimize the spatial area to be processed to reduce output files sizes and 

increase processing times. The Define Area of Interest tool creates a subset of a raster dataset 

and will be used for this purpose. 

 

Note: There are several additional ways to find this (or any) tool in ArcToolBox: 

o Select the Index tab at the bottom of ArcToolbox and scroll through the list to find Clip 

(Data Management) (9.x). 

o Select the Search tab at the bottom and type in ófillô to find any tools with fill in their titles 

(9.x). 

o From the Geoprocessing menu, choose Search For Tools (10.x). 
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3. Browse to and Select Workspace: Choose your workspace folder where outputs will be stored. 

Select a destination directory without spaces and choose a name for the folder based on your 

project or area of interest 

4. Input DEM:  Your DEM, preferably a 3m LiDAR elevation dataset. 

5. Enter your Ar ea of Interest: Click the Add feature icon (#1 circled red in above image), then 

minimize the Define Area of interest window. The cursor should be a cross icon. The add 

feature tool works as a polygon editor, with each click creating a new vertex. The sketch is 

finished by double clicking to connect the first and last sketch vertices. Optionally, the Use 

features from field can be used with a compatible raster or vector file fitting you AOI 

6. Interval for Contours (feet) (optional): Select desired contour foot contours. If left blank, no 

contours will be created 

7. Choose DEM Elevation Units (optional): User preference  

8. Click OK to run tool script. Several new layers will be added to your map 

1 
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1. Open NRCS Engineering Tools > Watershed Tools > Watershed Delineation > 

Create Stream Network 

The Create Stream Network tool serves multiple purposes: it creates a stream network, 

it is used to burn culvert locations, and it creates a hydro-conditioned DEM all within the 

AOI established in the previous Define Area of Interest tool. 

 

2. Select Project_AOI feature: Select the AOI that was created by the previous Define 

Area of Interest tool 

3. Digitize Culverts (optional): Click the Add feature icon (#2 circled in red above) then 

minimize the current window. The add feature function works as a line sketch tool. Use 

the function to make a line that represents a culvert at any obvious or known locations 

where a culvert exists. The DephthGrid  layer created by the previous tool Define Area 

of Interest can aid in showing where water backs up at impoundments such as road 

crossings (following figure). Culverts are likely to exist at these locations. Create as 

many digitized culverts as necessary to ensure an accurate stream network representation 

2 
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4. Enter Stream Threshold in Acres: This value is the minimum contributing area 

required to form a stream. The default value of 1 is adequate in most situations and will 

form stream headwaters near catchment boundaries 

5. Click OK to run tool script. Several new layers will be added to your map. 

o Note: The hydro-conditioned DEM will be created and called hydroDEM  but will 

NOT be automatically added to your map. It is located in an auto-created file 

geodatabase within the workspace you selected in the first Define Area of Interest 

tool.
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¶ Pit & Sink Filling 

Along with hydro-conditioning, pit filling should also be considered before terrain attribute 

calculations are made. This procedure fills depressions with hypothetical water flow and forces 

drainage to the lowest possible outlet. These depressions can vary considerably in scale from an 

isolated single cell to hundreds of contiguous cells covering well over a thousand acres. The pit-

filling process may not be appropriate for all areas, especially where water is held and evaporated in 

depressions or where extensive tile drainage exists (see Case Studies section for examples). It is, 

however, a more conservative approach than using a non-filled DEM because it tends to err on the 

side of overestimating flows (Galzki, et al. 2011) ï SPI signatures created from pit filled DEMs are 

more analogous to saturation excess runoff flow paths produced from large storm events than 

unsaturated flows. For SPI creation, users may generally find filli ng pits most suitable for steep-

sloping landscapes and less suitable for low relief areas, though it is highly advisable to experiment 

with various pit fill Z limits, including a ñfill allò run and a run with no pit filling. This will allow 

comparisons to be made among the SPI layers and help determine which best represents the 

landscape. 

For CTI layer creation, a ófill allô routine should be used to accurately depict surface water storage. 

1. Open ArcToolbox > Spatial Analyst Tools > Hydrology > Fill  

 

2. Input surface raster: Your DEM. If you used the NRCS Engineering tools previously, your 

Input surface raster will be hydroDEM for you hydro-conditioned DEM, or [Your workspace 

folder name]_DEM for your non-hydro-conditioned DEM. If you manually created a clipped 

subset of your original DEM, your Input surface raster will be the ódem_clipô layer. To fill the 

tool fields, select layers from the dropȤdown, drag the layer to the blank field, or browse to the 

desired layer by clicking on the folder icon left of field. 

3. Output surface raster: Browse to output workspace and name using it something you can 

remember, e.g. 'dem_fill '. It may be useful to add the unit amount used to fill the DEM so that 

users can identify each layerôs Z limit when calculating multiple filled DEMs; e.g. ódem_fill1mô 

or ódem_fillallô 

4. Z limit : The maximum elevation difference between a sink and its pour point to be filled. Units 

will be the same as the DEMôs Z (vertical) axis, typically meters. 

Note: The default, which is achieved by leaving the Z limit field blank, will fill all sinks 

regardless of depth 

5. Click OK to run. The output surface raster is added to your map as a new layer
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¶ Filter 

At times, LiDAR data expressed in fineȤresolution DEMs can contain either errors or spurious 

features which impede flow analysis and/or other terrain analysis, though these anomalies are 

becoming a non-issue with advancing technology in LiDAR acquisition along with improved quality 

control and assurance deliverables. The filter tool employs a low pass filter using a 3x3 moving 

window to ñsmoothò the raster and create a more contiguous dataset. Caution should be used when 

filtering, as it essentially ódumbs downô the data by averaging out extreme outliers. Similar to pit 

filling, it is recommended to run terrain analysis with both filtered and non-filtered processes and 

determine which outputs best suit the terrain. The filter tool is typically run after pit filling. 

1. ArcToolbox > Spatial Analyst Tools > Neighborhood > Filter. 

 

2. Input raster: Your DEM. If pit filling was previously used, your Input raster  will be 

ódem_fillô. If pit filling was not used, but clipping was, your Input raster  will be ódem_clippedô. 

If NRCS tools were used, the Input Raster will be hydroDEM or [Your workspace folder 

name]_DEM 

3. Output raster: Browse to output workspace and name it, e.g. 'dem_filter'. 

4. Filter type (optional): the enhancement to be performed in the filter analysis. 

o Note: The default is "LOW" which is required to do the smoothing we seek. 

5. Click OK to run. 

6. The output raster is added to your map as a new layer.
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Calculate primary attributes 
Primary attributes are derived directly from the DEM. The slope, flow direction, and flow accumulation 

primary attributes will be used to calculate secondary attributes. Many of the other primary attributes 

created here will be used to visualize landscape surfaces and terrain attributes. 

¶ Slope 

1. ArcToolbox > Spatial Analyst Tools > Surface > Slope 

 
2. Input Raster: Your DEM. If pre-processing was used, this should be the final DEM created, 

such as ódem_fillô or ódem_filterô. 

3. Output raster: Browse to output workspace and name output layer óslope_demô. 

4. Output measurement (optional): Select óPERCENT_RISEô 

o Note: It is important for the rest of the analysis that you select PERCENT_RISE, even 

though the data will look the same. 

5. Z factor (optional):  For DEMs with vertical (Z) units in meters, type 1, or else leave as default 

6. Click OK to run. The output raster is added to your map as a new layer. 

 

¶ Aspect 

1. ArcToolbox > Spatial Analyst Tools > Surface > Aspect 

 
2. Input Raster: Your DEM. If pre-processing was used, this should be the final DEM calculated, 

such as ódem_fillô or ódem_filterô. 

3. Output raster: Browse to output workspace and name output layer óaspect_demô. 

4. Click OK to run. The output raster is added to your map as a new layer.
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¶ Plan & Profile Curvature  

Plan curvature is measured perpendicular to the direction of descent and describes 

converging/diverging flow. It is well suited for describing soil water content and characteristics. 

Profile curvature is measured in the direction of maximum descent or aspect direction. It is a 

measure of flow acceleration and suited for erosion/deposition rate and geomorphology 

visualization. 

 

 

 

 

1.  

 

 

 

 

 

 

 

 

 

 

 

Plan curvature Profile  curvature 
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1. ArcToolbox > Spatial Analyst Tools > Surface > Curvature 

 

 
 

2. Input Raster: Your DEM. If pre-processing was used, this should be the final DEM calculated, 

such as ódem_fillô or ódem_filterô. 

3. Output curvature raster : Browse to output workspace and name output layer ócurve_demô. 

4. Output profile curve raster: Browse to output workspace and name layer as ópro_demô. 

5. Output plan curve raster: Browse to output workspace and name layer as óplan_demô. 

6. Click OK to run. The 3 output rasters are added to the map as new layers.
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¶ Hillshade 

The hillshade tool creates a shaded relief layer from a surface raster by considering the illumination 

source angle and shadows. The resulting hillshade raster creates a pseudo 3D display of topography. 

 

1. ArcToolbox > Spatial Analyst Tools > Surface > Hillshade 

 

 
 

2. Input Raster: Your DEM. If pre-processing was used, this should be the final DEM calculated, 

such as ódem_fillô or ódem_filterô. 

3. Output raster: Browse to output workspace and name output layer óhs_demô. 

4. Accept defaults for Azimuth  and Altitude  

o Note: You can try checking on Model Shadows, it can be helpful in visualization, but in 

some cases it may make little difference. 

5. Z factor (optional):  For DEMs with vertical (Z) units in meters, enter 1, or else leave as default 

6. Click OK to run. The output raster is added to your map as a new layer.
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¶ Flow Direction 

ArcMapôs Flow Direction tool uses a calculation method called the óD8ô algorithm. This method is 

well suited to the identification of individual channels, channel networks and basin boundaries 

making it suitable for terrain analysis CSA identification. However, it is based on two simplifying 

assumptions that do not capture the geometry of divergent flow over hillslopes. The two 

simplifications are the use of 8 discrete flow angles, and each pixel has a single flow direction 

(Rivix, 2008). Due to these factors, the óD-Infiniteô algorithm was created to overcome D8 

limitations and therefore provide an increased potential to improve terrain analysis results. Several 

software programs exist with dedicated DEM processing offering both D8 and D-Infinite 

calculations (e.g. TauDEM, RichDEM, RiverTools, etc.). The D8 method imbedded in the Flow 

Direction ArcTool is used in this manual, though users are encouraged to process DEMs with the D-

Infinite method Flow Direction calculation if available. 

 

1. ArcToolbox > Spatial Analyst Tools > Hydrology > Flow Direction 

 

 
 

2. Input Raster: Your DEM. If pre-processing was used, this should be the final DEM calculated, 

such as ódem_fillô or ódem_filterô. 

3. Output flow direction raster : Browse to output workspace and name output layer 

óflowdir_demô. 

4. Click OK to run. The output raster is added to your map as a new layer. 
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¶ Flow Accumulation  

 

1. ArcToolbox > Spatial Analyst Tools > Hydrology > Flow Accumulation 

 

 
 

2. For Input Flow Direction Raster, use the output of Flow Direction from earlier step. If you kept 

the suggested name, it will be óflowdir_demô. 

3. Output accumulation raster: Browse to output workspace and name output layer 

óflowacc_demô. 

4. Accept defaults for other parameters. 

5. Click OK to run. The output raster is added to your map as a new layer.
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Calculate secondary attributes 

¶ Stream Power Index (SPI)  

 

1. Launch the Raster Calculator by clicking on Spatial Analyst Tools > Map Algebra > Raster 

Calculator 

 

 
 

2. Enter formula so the Map Algebra expression looks exactly as follows: Ln(("flowacc_dem" + 

0.001) * (("slope_dem" / 100) + 0.001)) 

o Note: The spaces between operators are required for proper calculation 

3. Output raster: Browse to output workspace and name output layer óspiô. 

4. Click OK to run calculation.
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¶ Compound Topographic Index (CTI)  

 

1. Launch the Raster Calculator by clicking on Spatial Analyst Tools > Map Algebra > Raster 

Calculator 

 

 
 

2. Enter formula so the Map Algebra expression looks exactly like: Ln(("flowa cc_dem" + 0.001) / 

(("slope_dem" / 100) + 0.001)) 

o Note: The formula above is the same as the SPI formula with the only difference being the 

division between Flow Accumulation and Slope. 

3. Output raster: Browse to output workspace and name output layer óctiô. 

4. Click OK to run calculation.
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Visualizing terrain attributes 

¶ Terrain Attribute Comparison ï Often, the best way to understand differences in terrain attribute 

calculations is to view each layer in conjunction with one another. By paying careful attention to a 

specific portion of the landscape, one can overlay each of the terrain attributes to gain a better 

understanding of the relationships between each attribute. 

¶ Aerial Photo Comparison - Utilizing aerial photography is a great way to better understand your 

landscape, and it may be possible to validate some of the largest features in your area of interest with 

aerial photos alone. While groundȤtruthing is the most effective way to determine the accuracy of 

terrain attribute-based predictions of critical source areas, this is not always possible ï especially on 

privatelyȤowned land. Furthermore, photos when used with flow accumulation and its associated 

secondary terrain attributes, often help in assessing whether or not further hydrologic conditioning is 

required for the task at hand. 

¶ Swipe function 

1. To display the Effects toolbar, rightȤclick anywhere in the toolbar and select Effects. 

2. Select the Swipe Tool to "wipe" a layer using a horizontal or vertical line across the screen. 

 
3. Make sure the layer you want to "swipe" is shown in the "Layer:" box. 

4. Click on the map and drag to swipe (do not release mouse button; the mouse must be 

depressed to get the swipe effect). 

 

Example of swipe function: 
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¶ Symbology for Terrain Attributes 

Often this is a matter of personal preference, but there are a few tips/tricks in display used for 

specific terrain attributes: 

1. Slope Ȥ Colormap variations 

2. Flow Accumulation Ȥ Visualize upslope contributing area as if it were a watershed boundary. 

3. CTI ï Blue/water ï display highest values darkest 

4. SPI ɀ Brown/sediment Ȥ display highest values darkest 

¶ SPI/CTI visualization ï Once calculated, the SPI and CTI layers are not very informative without 

first removing a majority of the cells that have low erosion (SPI) or ponding (CTI) risk. The layer 

histograms can be used to estimate a threshold for these unwanted values for quick display changes. 

More precise methods for determining how many cells to remove from the layers are discussed in 

the Determining thresholds section. 

To modify the original SPI and/or CTI layers to display percentile values: 

1. Double click on the layer in the Table of Contents window in ArcMap to open the layerôs 

Properties menu. 

2. In Layer Properties, open the Symbology tab (1). On the right side under óShowô click on 

óClassifiedô (2) and in the classification box click óClassifyéô (3). The Classification 

window will open. At this point users can experiment with several different classification 

methods, classes, and threshold values. Keep in mind that any changes made here in Layer 

Property Symbology will not modify the data in anyway; it will only change the way the data 

is displayed in the active ArcMap data frame. 

 

1 

2 

3 
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o The Classes pull down menu allows for the user to select the number of class breaks to be 

calculated using the user defined classification method. Using class breaks between 1 and 

10 should be appropriate for displays. 

o With the classification method, there is no right or wrong method to use, though the 

Quantile and Natural Breaks (Jenks) classification methods often match well with 

signature gradients. Esri provides the following descriptions for each classification 

method from their ArcGIS Help Resource Center: 

ü Equal interval divides the range of attribute values into equal-sized sub-ranges. This 

allows you to specify the number of intervals, and ArcGIS will automatically 

determine the class breaks based on the value range. 

ü Defined interval allows you to specify an interval size used to define a series of 

classes with the same value range. 

ü With Quantile classification, each class contains an equal number of features. A 

quantile classification is well suited to linearly distributed data. Quantile assigns the 

same number of data values to each class. There are no empty classes or classes with 

too few or too many values. 

ü Natural Breaks (Jenks) classes are based on natural groupings inherent in the data. 

Class breaks are identified that best group similar values and that maximize the 

differences between classes. The features are divided into classes whose boundaries 

are set where there are relatively big differences in the data values. 

ü The Geometrical Interval classification scheme creates class breaks based on class 

intervals that have a geometrical series. The geometric coefficient in this classifier 

can change once (to its inverse) to optimize the class ranges. The algorithm creates 

geometric intervals by minimizing the sum of squares of the number of elements in 

each class. This ensures that each class range has approximately the same number of 

values with each class and that the change between intervals is fairly consistent. 

ü The Standard deviation classification method shows you how much a feature's 

attribute value varies from the mean. Class breaks are created with equal value ranges 

that are a proportion of the standard deviationðusually at intervals of 1, İ, ӎ, or ı 

standard deviations using mean values and the standard deviations from the mean. 

o The Data Exclusion option can be used to exclude all data below or above any user 

determined threshold value. 

3. The simplest method for display is to use two classes to represent all signatures over a certain 

threshold. This threshold value is at the usersô discretion, though quantitative methods for 

calculating statistical thresholds are presented in the Determining thresholds section. 

o For the simple method described here, set Classes to ó2ô and Classification Method to 

óManualô in that order. Two values will display in the Break Values column on right (see 

following figure). For this initial step, click and drag the lower break line to the 

approximate location shown in regards to the background histogram, or place it at the 

break value of ~2. This can be easily fine-tuned later. Click OK. 
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o Back in the Symbology window, there will be two class symbols displayed ï one black 

and one white ï with the ranges associated with each to their right. The black symbol by 

default will contain all values below the threshold we chose, and the white contains the 

values above. Double-click the white rectangle symbol and a color palette will appear. 

Click any color you prefer that is highly visible, such as óMars Redô. Double-click the 

black rectangle and choose ñNo Colorô at the top of the palette window. If the layer is 

active, you can click óApplyô the see the changes behind the Layer Properties window 

instantly, otherwise click óOKô. 

o Users will likely want to tweak the threshold value used to best represent the surface flow 

paths (SPI) or ponding (CTI) in their area of interest. 

ü If the SPI signatures look too crowded or dense (example 1 below), the threshold 

values should be increased incrementally by clicking and dragging the vertical break 

line in the classification window until display results are satisfactory and vice versa 

for sparse SPI populations (example 2). 

Note: The symbol colors will need to be changed again after each classification 

change. 

 

Ex. 1 

Lower 

break 

value 
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Ex. 2 
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ü Treat the CTI layer using the same technique described in the previous step. A proper 

CTI threshold should display areas of impounded water if pit filling was used during 

DEM pre-processing. 
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o Often it is preferable to display SPI and CTI signatures with color gradients that represent 

high and low values within the same signature. For this purpose we can use the 

classification window with more than two classes. 

ü Under Classification Method, choose óQuantileô or óNatural Breaks (Jenks)ô and 

Classes between 5 and 10 (user preference). 

ü We will use the Data Exclusion option to remove all values below a threshold. In the 

Classification windowôs Data Exclusion box, click ñExclusionéò 

Under the Value tab, type your desired data exclusion range in the blank. For 

instance, to exclude all values below a threshold value of 2, and a minimum value 

range of -14, you would enter ñ-14 - 2ò (without quotes). The minimum or maximum 

value used can be below or above the true value respectively to ensure full exclusion 

of data in the desired range. 

Note: The range will be displayed in the underlying Classification window in the 

upper right, as Minimum and Maximum 

ü Click on the Apply button to see the changes in the underlying windowôs histogram to 

ensure it matches your exclusion range. If the results are satisfactory, click OK on 

both windows to return to the Layer Properties window. 
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ü In the layer properties window, you can set your preferred color ramp for pixel 

display by clicking on the Color Ramp pull down. It may be best to match the highest 

values with the darkest colors and lowest values with lightest. 

 
 

ü As with the two class display approach, you may find that the exclusion range used 

allows too many or too few signatures for display. The method for correction is to 

change the threshold value in the data exclusion range. If the signatures are too 

crowded, increase the threshold value closer to your maximum value, and vice versa. 
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Determining thresholds 
The SPI and CTI raster layers are most useful when displayed at a certain percentage of values above a 

threshold.  The threshold depends mainly on local topography and overall slopes, and there is often a 

range of percentile values that will represent surface features sufficiently. Common thresholds are 

typically between the top 15% of values for flat areas to the top 1% of values for high relief areas. 

 

Using estimation to visualize thresholds was previously described. This section will detail several 

methods for calculating exact percentile values from raster layers. Though not a necessary step for 

locating potential CSAs, the percent of SPI or CTI values displayed should be known to ensure 

consistency among users, or if following SOPs and/or publishing results. Methods for creating 

exportable SPI/CTI raster files with permanently-set thresholds will also be explained in this section. 

 

When determining thresholds, the user must consider the spatial extent of the area being processed, as 

software has limited abilities to process large data sizes. For instance, if using Microsoft Excel, the 

maximum records affect ability to input LiDAR data: 

 

Excel 2003 max records Ȥ 65,569 

Excel 2007 max records Ȥ 1,048,575 

Statistical Packages ï Many around 10 million 

If Excel maximum records become an issue, users may circumvent those limitations by creating random 

samples from the SPI raster at a 95% or better confidence interval. There are also many statistical 

software packages that can readily compute percentiles from large datasets, such as the free to use R 

program (CRAN, http://www.r-project.org/). Since those programs often have a learning curve for even 

basic functioning, using a more familiar program such as Microsoft Excel may be preferable. This 

manual will focus on using Excel for threshold calculations. A full explanation on using the R statistical 

software package for percentile calculations is presented in the appendix (see appendix section A.4).

http://www.r-project.org/
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Calculating thresholds using Excel: 

When using Excel, first consider data size. Using 3m LiDAR derived attributes from an AOI of 

2,332 acres or more will contain too many records to be contained in a single Excel 2007 sheet. As 

mentioned previously, there are ways to circumvent these limitations. Two methods for using Excel 

to calculate thresholds will be described in detail. One will use an exported text file (also known as 

ASCII file) from ArcMap to be opened directly in Excel, while the other method will first use a 

random sample from stream power index values to be opened in Excel.  

¶ Raster to ASCII method 

1. Launch the Raster to ASCII tool by clicking on Conversion Tools > From Raster > 

Raster to ASCII in ArcToolbox 

 

 
a. Input raster : Your SPI raster layer. 

b. Output ASCII raster file: Any folder location of your choosing. Name the file óspi_textô   

c. Click OK to run. 

o Note: If the output text file exceeds 250mb, users should consider proceeding with 

other percentile calculation methods described in this manual. 

 

2. Open Microsoft Excel with a blank workbook. 

3. In Excel 2007/2010, choose the Data tab, and click on From Text from the Get External 

Data group (pictured below). 

In Excel 2003 and earlier, navigate to the Data pull down menu and choose > Import 

External Data > Import Dataé 
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4. Browse to the saved óspi_textô file created previously and click Import. The Text Import 

Wizard will open. 

5. In the step 1 of 3 window, click the ñDelimitedò radio button and click Next. 

 
6. In step 2 of 3, under the Delimiters checkbox fields, un-select Tab, check the Space box and 

click Next. 

 
7. In step 3 of 3, leave the fields at default and click Finish. 

8. In the new Import Data window that appears, click OK. 

 
9. The data from the text file is added to your current worksheet. 

10. Notice that the first 6 rows of the sheet are populated with data properties. These should be 

deleted. Move your cursor over the 1
st
 row header until the pointer turns into a right pointing 

arrow        then click and drag down to the 6
th
 row (fig. 2). Once the cells are highlighted, 

right click anywhere in the blue highlighted section and choose delete. Once the header cells 

are deleted, click any cell in the sheet to unselect the highlighted rows. 

o Note: If the following óLarge Operationô warning box appears, click OK. 
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Figure 2 

11. Many of the cells will contain a value of -9999 which is ArcMapôs default NoData value. All 

cells containing that value will need to be removed as they will affect the percentile 

calculation. The Find and Replace editing tool in Excel can be used for this purpose. 

In Excel 2007/2010, from the Home tab, find the editing group (far right) and click on the 

óFind & Selectô button and choose óReplaceéô (pictured below). The óFind and Replaceô 

dialog box will open. 

Excel 2003 users should click the Edit pull down menu, then choose óFindéô Select the 

óReplaceô tab after the tool opens. 

o Note: The Find and Replace function can be quickly brought up by typing Crtl+F in all 

Excel versions. 
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12. In the Find and Replace dialog box, type ó-9999ô into the óFind whatô field, and leave the 

óReplace withô field empty. This will replace all -9999 NoData cells with a blank cell. 

 
 

13. Click óReplace Allô to run the operation. 

o Note: During this operation, Excel may become unresponsive. This is normal, and the 

replace function may take several minutes to complete depending on data size. 

 

14. You should receive a notice saying Excel has completed its search. Click OK. 

 
15. To calculate percentiles from the data, we will use the built-in Percentile function. The data 

range will first need to be determined. The easiest way is to click the first cell in the upper-

right-most corner of the sheet (A1) and type Ctrl+Shift+End. All active cells in the worksheet 

will be highlighted. Make note of the row and column header extents, e.g. óA1 to DFM2796ô 

as they will be used for the percentile array. 

16. Click a blank cell anywhere below the highlighted cells, and type ó=percentile(ô (without 

quotes) and the percentile function will become active with format (array, k). 

17. For array , type in your data range from the previous step as the array using the format ótop 

left cell:lower right cellô e.g. óA1:DEF200ô then type a comma. 

 

 
 

18. For the k parameter, enter your percentile value, such as .95 for the 95
th
 percentile threshold 

value. Finish the function by ending with a closing parentheses and hit enter. The function 

will calculate the threshold of acceptance value from your original range of SPI or CTI 

values. 
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¶ Random point method 

1. In ArcGIS 9.x, Open ArcToolbox > Data Management Tools > Feature Class > Tools > 

Create Random Points 

In ArcGIS 10.x, Open ArcToolbox > Data Management Tools > Feature Class > Create 

Random Points  

o Note: The Spatial Analyst or 3D Analyst extension is required to use Create Random 

Points with both ArcView and ArcEditor licenses. 
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a. Output L ocation: Choose a geodatabase workspace as the output location. The Random 

Point tool requires an existing geodatabase, either file or personal, for output 

compatibility. Folders will not be accepted by this tool. 

b. Output Point Feature Class: Name the output file órandom_pointsô 

c. Constraining Feature Class (optional): This is the boundary of your SPI and/or CTI 

layer(s). It must be vector format (shapefile, coverage, or feature class). It is often easiest 

to use the same Output Extent vector layer when clipping the original DEM to your area 

of interest. If clipping was not used, a polygon can be created around your SPI layer for 

use as the Constraining Feature Class. 

d. Number of Points [value or field] (optional): Click the radio button next to Long, and 

use the blank to input the desired number of random points. Users should create enough 

sample points from the population size to ensure at least a 95% confidence interval with a 

1% margin of error. Table 1 can be used to this purpose. 

o Note: For determining population size of your SPI raster, see appendix section A.5. 

e. Leave the rest of the fields as default and click OK to run. The output feature class is 

added to your map as a new layer. 

 

2. Open ArcToolbox > Spatial Analyst Tools > Extraction > Extract Values to Points 

 

 
a. Input point features: Your órandom_pointsô layer created in previous step. 

b. Input raster : Your SPI or CTI raster layer. 

c. Output point features: Browse to output workspace and name output layer 

órandom_spiô 

d. Click OK to run. The output shapefile is added to your map as a new layer. 
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Table 1 

 
 

 


























































































































